The PDF file includes: Table S1 . Response rates of two-input logic gates. Table S2 . DNA sequences of thiolated strands used for functionalizing nanoparticles. Table S3 . DNA sequences and experimental conditions used in circuit operations. Legends of Movies S1 to S13 Reference (47) by DFM imaging. Inputs were added after pre-dimerization. G-NFs are released from G-NRs only when a disassembly input X d (in Fig. 1C ) is present in solution. The disassembly events were cumulatively counted as outputs of the Disassembly YES gate. The time-versus-output plot indicates that the population of Disassembly YES gate switches into ON state in response to X d . (B) Nucleotide-level illustrations of a Disassembly YES gate responding to a fully complementary input (X*) and a mismatched input (X mut *). Two point mutations at both ends of the toehold domain (A to G, G to T) and mismatched base pairings are highlighted. (C) Kinetics analysis. Fully complementary and mismatched inputs are shown in cyan and magenta, respectively. Due to the high concentration (500 nM) of input and long toehold domain, equilibrium is pushed toward disassembly even in the presence of base mismatches. As a result, responses under both conditions were saturated after sufficient operation time. However, the fully complementary input induced faster response of the disassembly gate than the mismatched input, which indicated that the system could potentially discriminate mismatched inputs under certain conditions. EG denotes an ethylene glycol unit. Asterisks denote complementarity. deviations calculated based on the particle numbers counted at the four positions. The plots showed that the number of tethered particles is linearly proportional to the time during which a lipid bilayer chambers is incubated with the solution containing biotinylated NPs (R 2 > 0.98). The plots also revealed that tethering of receptors is faster than tethering of floaters, as expected from the high linker density of the receptors. This linear relationship allowed accurate control of NP density on lipid bilayers. We also observed that the NPs loaded in the linear range were in better quality; floater particles were more mobile, and less aggregation of NPs was observed. We speculate that NPs could non-specifically bind to a lipid bilayer when incubation time is too long (beyond the linear range). (B) The number of tethered NPs in three replicate flow chambers (i.e. tablets). Tethering of G-NRs and B-NRs (left), and B-NRs and G-NFs (right). For each tablet, the number of NPs was counted in an area of 90 × 90 μm 2 at four different positions after the tethering. Error bars indicate standard deviations calculated based on the particle numbers obtained from the four different positions. The tablet-to-tablet variability in particle numbers was negligible. (C) The number of three different NPs (B-NRs, G-NRs, and G-NFs) measured at four different positions in a flow chamber. Error bars indicate standard deviation calculated based on the number of NPs obtained from the four different positions. These results demonstrate that the tethering of NPs on a lipid nanotablet is controllable and robust across the large area of lipid bilayers, regardless of nanoparticle types and mobility. The typical population density used in this study was approximately 3,700 receptors and 300 floaters per 180 × 180 μm 2 . This optimum density was chosen because (i) it was desirable to observe at least 300 binding or unbinding events within 30 min and (ii) at a higher density signal overlaps compromised the accuracy of the image analysis. (D) Degree of multimer-forming reactions estimated by MATLAB-based simulation. Assembly reactions of SLB-tethered NPs were modeled and simulated using MATLAB. This computational approach was developed to estimate how a receptor/floater ratio affects the degree of multimer formation. In the model, a given number of receptors and floaters were randomly dispersed in an area of 128 × 128 μm 2 with the periodic boundary conditions. The total number of NPs in the area was set to be 1,800. Diffusion constants of floaters were assigned to have a normal distribution with mean 0.9 μm 2 /s and standard deviation of 0.3 μm 2 /s. This approximation is based on the experimental data on diffusion profiles of floaters shown in fig. S3 .
We assumed that the diffusion of floaters is governed by a two-dimensional random walk, where the step size for each floater is √4 with t = 5 ms. Positions of receptors were fixed. To run the simulation efficiently, floaters were set to diffuse on twodimensional square lattice with cell edge that was equal to the diameter of particle cross section. The binding events between a receptor and a floater occur with the probability of 0.3 for each collision. In the simulation, "collision" is defined as an event that occurs when a coordinate of a floater overlaps with that of a receptor. For multimer formation processes, lower binding probabilities (0.18 for trimer formation and 0.09 for tetramer formation) were used because the addition of another floater to a receptor-floater dimer and a trimer is sterically less favored than the addition of a floater to a receptor (47). The scaling factor was introduced based on the geometrical constraints. The fraction of floaters that formed multimers (trimers or tetramers) in simulated assembly reactions for a given receptor/floater ratio was estimated using MATLAB-based simulation. Under 10:1, 8:1, 5:1, and 2:1 receptor/floater ratios, 6%, 15%, 15%, and 34% of floaters ended up forming multimers, respectively.
Fig. S6. Image analysis pipeline.
(A) Single-particle tracking algorithm for the analysis of time-lapse DFM images. After image registration (step 1), pixels with signal intensities higher than a detection parameter are detected and marked with yellow crosses (step 2). The detection parameter (d) is specific to each dark-field movie because types and populations of nanoparticles on each tablet affect the background signal of the movie. fig. S6 ) and used in identifying and classifying logic-gated nanoparticle reactions. Table summary . These illustrations describe the generalized concept of the interface programming. In this study, we used sequence recognition and strand displacement of DNA as the mechanisms to implement the logic. Specifically, we used single-stranded DNA molecules as effectors, thiolated oligonucleotides as ligands, and a strand displacement as chelation mechanism. We foresee that this design rules can be potentially applied to other ligand systems and core nanostructures.
Fig. S10. Modularity of a hairpin-based two-input Assembly AND gate. (A) Sequential activation of the two-input
Assembly AND gate (described in Fig. 2A and fig. S8A ). The responses of the Assembly AND gate to sequentially introduced inputs (Red: X 2 addition followed by X 1 addition. Magenta: X 1 addition followed by X 2 addition). Two hybridization events are all required to induce assembly reactions between R 1 and F 1 . (B) Operation of the Assembly AND gate after hybridization by an "innocent" DNA input X ext that interacts with a non-hairpin ligand on F 1 . The hairpin-based assembly is insensitive to other hybridization events on the same particle. (C) Assembly by the DNA input X ext . The assembly by the simple hybridization (as in Assembly YES gate) is insensitive to the presence of hairpin ligands on the same particle. In addition to the time-versus-output plots, domain-level illustrations are provided. DNA sequences and experimental conditions are listed in tables S2 and S3.
Fig. S11. Uneven responses of a two-input Disassembly OR gate.
We speculate that the higher response rate under 1 OR 0 condition than the response rate under 0 OR 1 condition is attributed to the higher density of surface ligands in F 4 than in R 4 . Due to its higher ligand density, F 4 exposes more single-stranded domains (b 6 -t 8 -t 7 ) than R 4 after pre-dimerization. The exposed strands can interact with incoming input strands. In 0 OR 1 condition, interactions between the input X 8 (b 6 *-t 8 *) and the exposed bonds are more effective compared with those between the input X 7 (a 6 *-t 7 *) and the bonds in 1 OR 0 condition, mainly because the recognizable sequence is longer and more accessible for the former interaction. As a result, the input X 8 is more easily trapped by the exposed strands without leading to effective strand displacements that induce particle disassembly. This interaction is an example of undesirable interactions that occur at particle-particle interfaces. R 4 , F 4 , X 7 , and X 8 are from According to the design, the DNA bond at an R 1 -F 1 interface should change from b 1 -t 1 -a 1 to b 2 -t 2 -a 2 (X 2 ) upon the addition of the two inputs X 1 and X 2 . If the bond exchange is effective at the receptor-floater interface, the disassembly reactions should occur upon the subsequent addition of X 2 *. The time-versus-output plot shows that the INHIBIT gate operates as designed. DNA sequences and experimental conditions are listed in tables S2 and S3. See also movie S8. (C) Domain-level illustrations (left) and reconstructed dark-field images of the six-input Disassembly gate that processes (X 3 OR X 4 ) AND (X 5 OR X 6 ) AND (X 7 OR X 8 ) logic. DNA sequences and experimental conditions are listed in tables S2 and S3. See also movie S9.
Fig. S14. Complex multi-input Disassembly gates.
The approaches used to realize the INHIBIT logic and fan-in were combined to design Disassembly gates with more complex logic expressions. (A) A four-input Disassembly gate that processes (X 1 OR X 2 ) AND [NOT (X 3 OR X 4 )] logic expression. In this design, either X 1 or X 2 can cleave a DNA bond (in a pre-formed R 1 -F 1 dimer) and either X 3 or X 4 can form a bond within the dimer. For disassembly of the dimer, bond cleavage reactions should proceed in the absence of X 3 and X 4 . (B) A three-input Disassembly gate that processes (X 5 AND X 6 ) AND (NOT X 7 ) logic. For disassembly of the dimer, X 5 and X 6 are required to remove the two different DNA bonds without additional bond formations by X 7 .
Fig. S15. Dark-field snapshots of two-layer AND-AND and AND-OR cascade circuits.
(A) Two-layer AND-AND cascade circuit. The release of G-NFs (F 1 ) from G-NRs (R 1 ) is controlled by AND logic (X 1 AND X 2 ). The released F 1 can bind to R 2 only when the assembly input X 3 is present. The final circuit output is controlled by the three-input logic expression (X 1 AND X 2 ) AND X 3 . In the first condition (1 AND 1) AND 1, the green intensity decreases in R 1 and increases in R 2 , showing the successful cascading by the G-NFs (F 1 ). In the second condition (1 AND 1) AND 0, only the decrease in green intensity is observed. The lack of signal increase indicates that the released floaters (F 1 ) do not bind to other receptors. The bottom two conditions show no visible responses. See also movie S11. (B) Two-layer AND-OR cascade circuit. The release of G-NFs (F 2 ) from B-NRs (R 3 ) is controlled by AND logic (X 4 AND X 5 ), and the release of different G-NFs (F 3 ) from G-NRs (R 4 ) is controlled by YES logic (X 6 ). The final circuit output is controlled by the three-input logic expression (X 4 AND X 5 ) OR X 6 . In the first condition (1 AND 1) OR 1, the green intensity decrease from both R 3 and R 4 , showing the successful release of the GNFs from each receptor. In the second condition (1 AND 1) OR 0, the decrease in green intensity is only observed in B-NRs. This result indicates the dissociation of R 3 -F 2 pairs are controlled by the AND logic operation. The bottom two conditions show no visible responses. See also movie S12. INHIBIT gate (R 1 -F 1 ) and a two-input Disassembly AND gate (R 2 -F 2 ) with OR logic. The circuit takes three inputs X 1 , Sel, and X 2 and releases G-NFs as outputs. The nanoparticle surface ligands were designed in a way that two different receptor-floater pairs could simultaneously process the Selector (Sel) strands. In this design, spontaneous interactions between R 1 and R 2 , as well as those between F 1 and F 2 could occur. However, these undesirable interactions were prevented by loading the nanoparticle circuit components in a specific order and by introducing the protection strand a 2 . Domain-level illustration of the circuit operations is provided. DNA sequences and experimental conditions are listed in tables S2 and S3. See also movie S13. Table S3 . DNA sequences and experimental conditions used in circuit operations. Sequences are written in a 5'  3' direction. Fig. 1C ) that forms a DNA bond at the receptor-floater interface via DNA hybridization (Input = "1"), a mobile G-NF binds to an immobile G-NR and forms a dimer. The assembly reaction results in an increase of green intensity of the G-NR scattering signal, which indicates a discrete switching of the G-NF from monomer state to dimer state (Output = "1"). G-NRs that generate outputs with G-NFs are marked with white circles before assembly and with yellow circles after assembly. The time-lapse video was recorded for 15 min after input addition. The input-induced assembly process is shown at the population level in the first part (0 s to 12 s). Real-time signal trace of a singleparticle Assembly YES gate (chosen from the population-level imaging data) is shown in the second part (12 s to 24 s). Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S2. Time-lapse dark-field imaging of a nanoparticle Disassembly YES gate.
A nanoparticle Disassembly YES gate consists of a G-NR and a G-NF. Prior to input addition, G-NRs and G-NFs are assembled to form dimers by a single-stranded DNA strand (X d * in Fig. 1C ) that exposes a toehold domain (t 2 in Fig. 1C ). The dimerization process was recorded by the dark-field time-lapse imaging at the population level for 15 min and is shown in the movie for the first 12 seconds. G-NRs that bind to G-NFs are indicated with white circles before assembly and with red circles after assembly. In the presence of a DNA input (X d in Fig. 1C ) that removes the preformed DNA bond X d * via strand displacement (Input = "1"), the trapped G-NFs are released from G-NRs.
The disassembly event results in a decrease of green intensity of the G-NR scattering signal, which indicates a discrete switching of the G-NF from dimer state to monomer state (Output = "1"). The released G-NFs are highly mobile. This disassembly process was recorded by the dark-field time-lapse imaging at the population level for the subsequent 15 min after input addition and is shown in the movie for the second part (12 s to 24 s). Real-time signal trace of a single-particle Disassembly YES gate (chosen from the population-level imaging data) is also shown in the third part of the movie (24 s to 36 s). Both pre-dimerization and disassembly processes were carried out in a fixed position. The G-NRs that release G-NFs are indicated with red circles before disassembly and gray circles after disassembly. Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s. ). The receptor-only image sequence was generated based on the signals of receptor nanoparticles identified by the single-particle tracking algorithm described in fig. S6 . No DNA inputs were added. Receptor signals are fluctuating, primarily due to the transient overlaps by mobile floaters bypassing in close proximity.
Movie S4. Time-lapse dark-field imaging of a two-input Assembly AND gate. A two-input Assembly AND gate (X 1 AND X 2 ) consists of a G-NR (R 1 in Fig. 2A ) and a G-NF (F 1 in Fig. 2A) . Only when the two types of DNA inputs are both present in solution (1 AND 1), a mobile G-NF binds to an immobile G-NR and forms a dimer via DNA hybridization. The assembly reaction results in a step-function-like increase of green intensity of the G-NR scattering signal. Mobile G-NFs do not bind to G-NRs in other FALSE conditions (0 AND 0, 1 AND 0, 0 AND 1). G-NRs that assemble with G-NFs are indicated with white circles before assembly and with yellow circles after assembly. Each time-lapse video was recorded for 30 min after input addition. The raw videos are followed by reconstructed videos showing only G-NR signals. The first and last frames of the reconstructed movies are included in the second column of Fig. 2A . Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S5. Time-lapse dark-field imaging of a two-input Assembly OR gate.
A two-input Assembly OR gate (X 3 OR X 4 ) consists of a G-NR (R 2 in Fig. 2B ) and a B-NF (F 2 in Fig. 2B ). When either of two DNA inputs is present in solution (1 OR 0, 0 OR 1, 1 OR 1), a mobile B-NF binds to an immobile G-NR and forms a dimer via DNA hybridization. Mobile B-NFs do not bind to G-NRs in 0 OR 0 condition. G-NRs that assemble with B-NFs are indicated with white circles before assembly and with yellow circles after assembly. Each time-lapse video was recorded for 20 min after input addition. The raw videos are followed by reconstructed videos showing only G-NR signals. The first and last frames of the reconstructed movies are included in the second column of Fig. 2B . Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S6. Time-lapse dark-field imaging of a two-input Disassembly AND gate. A two-input Disassembly AND gate (X 5 AND X 6 ) consists of a B-NR (R 3 in Fig. 2C ) and a G-NF (F 3 in Fig. 2C) . B-NRs and G-NFs are assembled to form dimers by two distinct DNA bonds (each exposing a unique toehold domain) in the pre-dimerization step prior to the input addition. Only when the two types of DNA inputs are both present in solution (1 AND 1), the two DNA bonds can be removed by strand displacement. 
Movie S7. Time-lapse dark-field imaging of a two-input Disassembly OR gate.
A two-input Disassembly OR gate (X 7 OR X 8 ) consists of a B-NR (R 4 in Fig. 2D ) and a B-NF (F 4 in Fig. 2D) . BNRs and B-NFs are assembled to form dimers by a DNA bond that exposes two distinct toehold domains in the predimerization step prior to the input addition. When either of the two inputs is present in solution (1 OR 0, 0 OR 1, 1 OR 1), the DNA bond at the receptor-floater interface can be cleaved by strand displacement. The bond cleavage results in the release of B-NFs from B-NRs. The released B-NFs are highly mobile. The disassembly event does not occur in the condition 0 OR 0. B-NRs that release B-NFs as outputs are indicated with red circles before disassembly and with gray circles after disassembly. Each time-lapse video was recorded for 15 min after input addition. The raw videos are followed by reconstructed videos showing only B-NR signals. The first and last frames of the reconstructed movies are included in the second column of Fig. 2D . Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S8. Time-lapse dark-field imaging of a two-input Disassembly INHIBIT gate.
A two-input Disassembly INHIBIT gate (X 1 AND NOT X 2 ) consists of a G-NR (R 1 in Fig. 3A ) and a G-NF (F 1 in Fig. 3A ). G-NRs that release G-NFs as outputs are indicated with red circles before disassembly and with gray circles after disassembly. Each time-lapse video was recorded for 15 min after input addition. Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S9. Time-lapse dark-field imaging of a six-input Disassembly gate.
A circuit with an AND gate with fan-in from three OR gates [(X 3 OR X 4 ) AND (X 5 OR X 6 ) AND (X 7 OR X 8 )] consists of a G-NR (R 2 in Fig. 3B ) and G-NF (F 2 in Fig. 3B ). G-NRs that release G-NFs as outputs are indicated with red circles before disassembly and with gray circles after disassembly. Each time-lapse video was recorded for 15 min after input addition. Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S10. Time-lapse dark-field imaging of a two-input Disassembly AND gate with three outputs. A circuit with an AND gate (X 9 AND X 10 ) with fan-out to three YES gates consists of G-NR (R 3 in Fig. 3C ), an R-NF (F 3 in Fig. 3C ), a G-NF (F 4 in Fig. 3C) , and a B-NF (F 5 in Fig. 3C ). G-NRs that release floaters as outputs are indicated with red circles before disassembly and with gray circles after disassembly. Each time-lapse video was recorded for 15 min after input addition. Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S11. Time-lapse dark-field imaging of a two-layer AND-AND cascade circuit. A two-layer AND-AND cascade circuit [(X 1 AND X 2 ) AND X 3 ] consists of a G-NR (R 1 in Fig. 4B ), a B-NR (R 2 in Fig. 4B) , and a G-NF (F 1 in Fig. 4B ). G-NRs that release G-NFs as outputs are indicated with red circles before disassembly and with gray circles after disassembly. B-NRs that generate the final outputs with the released G-NFs are indicated with white circles before assembly and with yellow circles after assembly. Each time-lapse video was recorded for 30 min after input addition. Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S12. Time-lapse dark-field imaging of a two-layer AND-OR cascade circuit. A two-layer AND-OR cascade circuit [(X 4 AND X 5 ) OR X 6 ] consists of a B-NR (R 3 in Fig. 4C ), a G-NR (R 4 in Fig.  4C ), and G-NFs (F 2 and F 3 in Fig. 4C) . Receptors that release G-NFs as outputs are indicated with red circles before disassembly and with gray circles after disassembly. Each time-lapse video was recorded for 15 min after input addition. Recording frame rate: 0.4 f.p.s. Playback at 30 f.p.s.
Movie S13. Time-lapse dark-field imaging of a nanoparticle multiplexer circuit. A multiplexer circuit [(X 1 AND NOT Sel) OR (Sel AND X 2 )] consists of G-NRs (R 1 and R 2 in Fig. 5 ) and G-NFs (F 1 and F 2 in Fig. 5 ). G-NRs that release G-NFs as outputs are indicated with red circles before disassembly and with gray circles after disassembly. Each time-lapse video was recorded for 15 min after input addition. The raw videos of the multiplexer responding to eight input combinations are followed by reconstructed videos showing only the signal response of receptors. Recording frame rate: 0.4 f.p.s. Playback at 20 f.p.s.
